a motor paradigm in block design. Results: The blood ionogram revealed hypercalcemia and hyponatremia in both patients. Both biological assessment and BOLD-fMRI study results revealed a high level of OS that induced activation of a significantly large brain volume area suggesting the occurrence of possible brain plasticity and functional control reorganization induced by free radicals and enhanced by AD. Conclusion: The occurrence of brain plasticity and functional control reorganization was demonstrated in both patients studied who were undergoing HD by BOLD-fMRI with a notable sensitivity; this plasticity is induced by elevated OS occasioned by HD technique itself and probably amplified by AD. Similar results were found in a previous study performed on the same patients undergoing HD by a polysulfone membrane.
still remain regarding the occurrence of adrenal function deficiencies (ADs) in hemodialysis (HD) patients suffering of CRF [1] [2] [3] [4] [5] [6] [7] [8] .
Indeed, the AD is an uncommon challenging pathology particularly in patients suffering of CRF and undergoing HD [7] [8] [9] [10] , since the most clinical symptoms of AD are similar to those routinely found in patients suffering of AD like loss of weight, low blood pressure, anorexia, physical and psychological asthenia [7] [8] [9] . However, the most frequent biological disorders found in that patients include hyperkalemia, hyponatremia, and hypercalcemia [9] .
Besides, the contact of blood with HD membrane causes several side effects in CRF patients, including the generation of oxidative stress (OS) with excessive production of free radicals [7] [8] [9] [10] [11] [12] . Consequently, OS has a direct impact on the brain tissue since it is involved in most metabolic processes [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , as well as brain plasticity and reorganization of the functional control [13, 14, 20, 21] . Additionally, the adrenal gland (AG) is potentially influenced by OS and other factors such neuropeptides and neurotransmitters [18] .
The most used methods for assessing OS in patients suffering from CRF is the thiobarbituric acid assay that measures malondialdehyde acid, one of the major reactives resulting from the lipid peroxidation [19] . Besides, it was recently established that the blood oxygenation level-dependent functional MRI (BOLD-fMRI) was an efficient technique for evaluating OS in chronic HD patients [13, 14, [20] [21] [22] [23] [24] [25] . Hence, the goal of this paper was to evaluate indirect indices of the AG dysfunction in patients undergoing HD by the synthetic helixone membrane. This AD is potentially influenced by OS, which generates brain plasticity and functional control reorganization.
Methods

Patient's Characteristics
Two patients were recruited in the Hemodialysis Center, University Hospital of Fez, Fez, Morocco. They gave consent to participate to our fMRI study conducted by Clinical Neuroscience Laboratory, Faculty of Medicine and Pharmacy of Fez, University of Fez in collaboration with Nephrology Department, Radiology and Clinical Imaging Department, and the Central Laboratory of the University Hospital of Fez, Fez, Morocco [7, 8, 13, 14, 20, 21] .
Both patients were men who were undergoing chronic HD for more than 6 months. The duration of HD before recruitment was, respectively, 48 and 24 months. They were, respectively, 25 and 29 years old. Both patients underwent meticulous clinical and biological assessments; both did not show any signs of diabetes, tobacco use, infection episodes, or treatment with iron or erythropoietin injection.
Biological Assessment
Patients underwent identical assessment protocol immediately before starting HD session and immediately after achieving a full HD session. Blood ionogram assessing sodium (Na) and calcium (Ca) was done using Olympus AU640/AU400 apparatus in the central laboratory of the University Hospital of Fez, Fez, Morocco.
The detailed results were reported in the medical doctoral thesis by Batta [21] . Nevertheless, we have not been able to assess the level of AG hormones in these patients; and inspection of AD was based only on blood ionogram and was revealed months after patient's recruitment.
BOLD-fMRI Acquisition Protocol
Patients underwent identical brain BOLD-fMRI protocol before starting HD and after achieving the same HD session in the Hemodialysis Center of the University Hospital of Fez, Morocco. The image data were acquired in MRI Unit, Radiology and Clinical Imaging Department of the University Hospital of Fez, Morocco.
Brain BOLD-fMRI and anatomical MRI data were acquired using a 1.5-Tesla MRI system (Sigma, General Electric; Milwaukee, WI, USA). The acquisition of images was done using single-shot gradient-echo echo-planer imaging sequence. This approach was shown to be very sensitive to T2 * effect generated during BOLD effect reflecting functional activity of the cortical brain tissue [13, 14, [20] [21] [22] . BOLD-fMRI acquisition parameters were the following: echo time TE = 55 ms, repetition time TR = 3,000 ms, slice thickness = 5 mm, field of view FOV = 240 mm, and 31 axial slices were acquired covering the whole brain. The acquisition matrix size was 128 × 128. Each brain volume was acquired within 3 s while during the whole BOLD-fMRI acquisition protocol, 60 brain volumes were acquired within 3 min. BOLD-fMRI paradigm consists of a simple motor task, where patients are asked to perform finger taping of the right hand during a continuous scanning session, in blocks of 30 s ON alternating with 30 s OFF. Target forces and rates of finger taping were constant within each 30 s block, for 10 repetitions.
Post-Processing Data and Imaging Result Generation
Image processing and statistical analysis were conducted with Statistical Parametric Mapping package version 8 (SPM8, 2008; http://www.fil.ion.ucl.ac.uk/spm; Wellcome Department of Cognitive Neurology, London, UK). All fMRI data were analyzed using general linear model approach as in SPM, and all volumes obtained were used for data analysis.
The pre-processing with SPM8 included realignment, co-registration, and spatial normalization in the template of Montreal Neurological Institute (MNI).
The gradient echo-planar images were realigned using a rigid body transformation to the first volume of the time series for each subject. Afterwards, data were spatially smoothed with a Gaussian filter (FWHM 8 × 8 × 8 mm) and spatially normalized.
The cerebral activation was rendered either onto T1-weighted brain slices or on the surface of a standard brain of MNI, Montreal, QC, Canada. The box-car designed task was used and convolved with the functional hemodynamic response.
T-statistics was calculated for each voxel element, and p < 0.01 was considered to be a statistically significant threshold for significantly activated areas that were correlated for multiple comparisons. The maximal BOLD signal changes were calculated for each subject in the primary motor area M1 before and after HD sessions. Activation maps were calculated and overlaid on anatomical images.
Results
Presence of Indices of AG Dysfunction in Both Patients
The blood ionogram demonstrated a significant change in the rate of Na and Ca expressed as hypercalcemia and hyponatremia after HD sessions in both studied patients ( Fig. 1 , 2 ) .
The Maximum Intensity of the BOLD Signal in the Activated Area Is Decreased after the HD Sessions
The maximum BOLD-fMRI signal in the individual activated brain areas of both patients has significantly decreased after HD sessions ( Fig. 3 ) ; this decrease is visually well noticed in the 2-dimensional maps ( Fig. 4 ) . These maps represent typical functional BOLD-fMRI results.
These results was correlated to the OS while reflecting brain activation and functional control reorganization before and after HD session; this demonstrates a decrease in the localized hemodynamic response strength and expresses much localized decrease of metabolic involvement in brain functional activity of the primary motor area (M1). The same results were present in both patients. Finally, it is to consider that the maximum BOLD intensity is expressed in arbitrary unit.
The Maximum Volume of BOLD Signal in the Activated Area Is Increased after the HD Sessions
A systematic and significant increase of the volume of the activated brain area involved in the motor task control was noticed in both studied patients after HD sessions ( Fig. 5 ) .
Similarly, the typical 3D rendering results are well revealing important visual increase of the size of the volume brain activation ( Fig. 6 ) ; this reflects a localized expanding hemodynamic response and an enlargement of localized increase of the metabolic activity, revealing thus an involvement of additional cortical brain tissue inside the primary motor area.
Discussion
The present study consisted of evaluating solely indirect indices of AD without assessing AG hormones in only 2 patients. Indeed, suspicion of AD was essentially based on blood ionogram results and has occurred months after patient's recruitment. However, these patients were lost on follow-up. Such critical statistical aspects would constitute a limitation of this study. However, the strength of this study consists of being, to the best of our knowledge, the first to demonstrate changes in brain function secondary to HD with helixone membrane in CRF patients with indirect indices of AD.
Indeed, OS is a state where the antioxidant systems are unable to correct spontaneously. Besides, oxygen sup- plied by the blood oxygenation process is behind OS phenomena whenever the control systems of metabolites generated are suffering or corrupted [25] . This imbalance leads to cell and tissue injury [12] . Since the brain is involved in most metabolic processes, it is highly exposed to OS [13, 14, 20] . Hence, BOLD-fMRI is a suitable imaging approach allowing spatial localization of the brain oxygenation change [8] [9] [10] [11] [12] [13] [14] [15] 21] . This technique is also used to assess BOLD phenomena that are directly linked to brain activity/plasticity and OS [7, 8, 13, 14, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . It is well-known that CRF disease itself is a direct factor originating OS before HD sessions [7, 8, 13, 14, [20] [21] [22] [23] [24] . However, HD enhances the level of OS which is mostly amplified in brain tissue considering the higher oxidative metabolism engaged and lower antioxidant availability in the cerebral tissue [24, 30] .
Numerous studies like our present study revealed that HD would lead to AD [11, [31] [32] [33] . In fact, our patients might present an AD that should be confirmed by assessing the cortisol and the adrenocorticotrophic hormone rates. Nevertheless, this evaluation was not done in these patients and the diagnosis of adrenal insufficiency was based only on the blood ionogram results.
OS is basically generated by HD and amplified by both HD and AD [7, 8, 13, 14, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Besides, HD and AD have the potential to increase the oxidative damage to lipids, protein, and DNA, thus allowing the reduction of oxygen available within the blood network including brain microvasculature. Nevertheless, the exact mechanisms responsible for such effects are still not completely elucidated.
Basically, BOLD-fMRI contrast is based on magnetic susceptibility originated by the interaction of oxyhemoglobin and deoxyhemoglobin, which have very different levels of real time signal enhancement. Indeed, oxyhemoglobin is diamagnetic without any impact on the signal of MRI methods. Oxyhemoglobin is deoxygenated once the oxygen charge of the hemoglobin is consumed through local cellular and molecular metabolism processes. Deoxygenation of oxyhemoglobin generates deoxyhemoglobin that are molecular entities with unpaired electrons which has paramagnetic magnetic characteristics [13, 14, 20, 29, 34] .
BOLD-fMRI measurement consists of reflecting the average transformation of oxyhemoglobin to deoxyhemoglobin in a given voxel of the brain, while this rate depends on the cerebral blood volume (CBV) and cerebral blood flow (CBF) [13, 14, 20, 29, 34] . Indeed, CBV and CBF are varying within brain tissues according to physiological conditions underlying a corresponding metabolism and molecular state [13, 14, 20, 29, 34] . Hence, increased OS might impair the transformation process of oxyhemoglobin to deoxyhemoglobin in given voxel of the brain [13, 14, 20, 29, 34] . Consequently, these transformation and conversion processes allow a significant and consistent variation of MRI signal [13, 14, 20, 29, 34] .
Finally, measured BOLD-fMRI signal in different physiological, cellular, metabolic, and molecular conditions constitutes indirect measurement of the impact of such conditions in brain tissues [13, 14, 20, 29, 34] . Belaich and Boujraf [7] have suggested that fewer more radicals are produced in the mitochondria of cells because HD and suspected AD generally enhance energy utilization [13, 14, 20, 22] . This last process is yielding conditions where tissues are exposed to more cellular oxidative damage [35] .
In our study, a significant decrease in the intensity of brain activation of the primary motor area had occurred after HD; such brain activation was negatively correlated with levels of OS. This correlation was demonstrated by earlier studies that have assessed OS in CRF using BOLDfMRI but in renal tissue and not in the brain [35, 36] .
Indeed, OS is predominantly originated by the blood contact with the HD membrane and the extracorporeal circuit [7, 8, 12] . This leads to multiple cellular alterations such as apoptosis and necrosis [12, 37] . Additionally, studies demonstrated the implication of OS in several neurodegenerative diseases, such as Alzheimer's disease and Parkinson's disease [38, 39] . Interestingly, our study showed that OS induced an activation of significantly larger volume area of brain suggesting thus the occurrence of brain plasticity and functional reorganization in these patients, and the phenomena was induced by free radicals. In fact, earlier studies have shown the implication of free radicals in the modulation of the synaptic plasticity [40, 41] , especially reactive oxygen species that might play the role of modulators and regulators of synaptic plasticity [42, 43] .
Consequently, we can suggest that plastic brain changes were induced by HD process through modifications in the OS status and oxygen availability in localized tissue of the brain [43] .
Consistently, both patients demonstrated brain plasticity and functional control reorganization after HD which was compared to similar patients subjects [13, 14, 20, 22] . The unique particularity found in these patients was that the brain plasticity was amplified in patients with indices of AD. Finally, it should be emphasized that these results show indirectly that OS could be amplified by the presence of an AD, leading to significant brain plastic changes revealed by BOLD-fMRI with a remarkable sensitivity.
Conclusion
Despite the very limited number of patients, this study is formally the first to demonstrate plastic changes in the brain that were originated by HD using helixone membrane in CRF patients with indirect indices of AD. Studied patients have had significant brain plasticity and functional control reorganization that was assessed by BOLD-fMRI with a remarkable sensitivity. These brain plastic changes were induced by higher OS state and amplified by AD.
Similar results were found in a previous study performed for the same patient population undergoing HD by polysulfone membrane. However, more evaluations and extensive studies should be achieved in similar conditions to precisely define the exact relationship between HD, AD, OS, and brain plastic changes.
